Abstract: Laser welding of copper is characterized by low and unstable light absorption around 1000 nm wavelength. Combination of high thermal conductivity and low melting point makes it difficult to obtain good welding quality and leads to low energy utilization. To improve efficiency and welding quality, a technique to enhance process stability using 1064 nm wavelength Nd:YAG laser has been proposed, and absorption rate and molten volume in laser micro-welding were discussed. Since the surface state of specimen affects absorption phenomena, effects of surface shape and surface roughness were investigated. Absorption rate and molten volume were increased by creating appropriate concave holes and by controlled surface roughness. Stable micro-welding process with deep penetration and good surface quality was achieved for transitional processing condition between heat conduction and keyhole welding, by enhanced absorption rate.
Introduction
The advances in laser technology have increased its competitiveness in various industrial fields, and this has enhanced its increased applications to various processes such as cutting [1] , welding, and, more lately, for mechanical characterization [2] . In this work, laser was used for welding of copper. Copper finds great applications in automotive and renewable energy industries, since it is an important material for conducting electric power and for building up electrical systems. Miniaturization of products has necessitated micro-joining of copper in these fields. However, it is challenging to raise the temperature of copper locally owing to its high thermal conductivity and joining using conventional processes result in welding defects [3] . In addition, copper shows low light absorption rate around 1000 nm wavelength, which results in process instability [4] . The absorption rate of copper increases rapidly below 600 nm wavelength. Otte et al. reported the possibility of process stabilization at a wavelength of 532 nm [5] . Nakashiba et al. also developed a 532 nm wavelength green Nd:YAG laser and they investigated its performance in copper welding. They reported a stable process with high efficiency, which led to a narrow weld bead with deep penetration. Absorption rate of copper increased stably with increase in pulse duration, while pulse shaping helped to control porosity [6] .
When near infrared light of 1064 nm fundamental wavelength Nd:YAG laser is used to micro-weld copper, the absorption rate increases with increasing power density. Green Nd:YAG laser of 532 nm wavelength shows higher and constant absorption rate regardless of change in power density. However, the power of the 532 nm laser system decreases because of frequency doubling of the Nd:YAG However, the power of the 532 nm laser system decreases because of frequency doubling of the Nd:YAG laser. Moreover, the 532 nm laser system is more complex and expensive compared to fundamental wavelength laser systems [7] . Therefore, shorter wavelength has a possibility of high efficient process for copper, but use of 1064 nm is desired in industrial applications because of its affordable cost and high reliability. However, since light absorption rate is very low at 1064 nm wavelength, stabilization of the process at this wavelength is challenging.
Creation of surface ripples during keyhole generation affects surface absorptivity [8] . Jae et al. investigated keyhole behavior in laser welding and they showed that light absorption is increased by multi-reflections effect in the keyhole [9] . Dowden et al. also investigated the process behavior in keyhole welding and they reported that most of the laser power was absorbed within the keyhole [10] .
Bono et al. carried out laser welding of copper thin sheets using green and infrared pulsed laser beam sources and they noted that low absorptivity of copper increased sensitivity to variations in surface roughness and oxidation [11] . These characteristics lead to a highly sensitive and unstable process in laser welding of copper. Chen et al. investigated laser welding under four different surface conditions namely; as received, sandblasted, black-painted and nano-composite material added on pure copper surface. The highest welding efficiency was obtained by applying the nano-composite material on the surface of pure copper coupons. The sandblast surface treatment and black-painting could also decrease the surface reflectivity from the laser beam and thus enhanced welding efficiency [12] . Engler et al. have also noted that with low laser absorption, changing surface conditions leads to a highly sensitive process. In addition, infrared light absorption increases remarkably at the transition region between solid phase and liquid phase [13] .
Since the absorption rate by fundamental wavelength of Nd:YAG laser increases because of multi-reflections effect on the keyhole wall, it is expected that the absorption rate might increase by irradiating the laser on the wall of a concave hole similar to a keyhole. Moreover, surface roughness of workpiece would affect absorption phenomenon of laser beam. There is a minimum depth required to ensure multi-reflections effect within the keyhole. A shallow keyhole means that the reflection will be directed to the surrounding as shown in Figure 1 . By considering Fresnel absorption, part of the incident laser energy is reflected by keyhole walls, while part is absorbed within the keyhole walls. The angle of incidence of laser beam is equal to the angle of reflection at the interface of liquid and vapor. In actual phenomenon, some of the energy will be lost within the keyhole by plasma absorption [14, 15] . Bergstrom et al. employed ray tracing technique to study Nd:YAG laser absorption behavior on both smooth and rough surfaces. They showed that for light which is normally incident to the surface, the absorption rate increases with increase in roughness, but for tangentially incident light, the relationship between absorption rate and surface roughness is intricate [16] . However, these effects on welding characteristics of copper have not been fully clarified yet. Therefore, effects of surface Bergstrom et al. employed ray tracing technique to study Nd:YAG laser absorption behavior on both smooth and rough surfaces. They showed that for light which is normally incident to the surface, the absorption rate increases with increase in roughness, but for tangentially incident light, the relationship between absorption rate and surface roughness is intricate [16] . However, these effects on welding characteristics of copper have not been fully clarified yet. Therefore, effects of surface shape and surface roughness on absorption characteristics were experimentally investigated using 1064 nm Nd:YAG laser in order to improve the absorption rate for stable welding of copper.
Materials and Methods
Micro-welding of oxygen-free copper, C1020 was performed by using 1064 nm wavelength Nd:YAG laser (KLY-HP300α, Kataoka Corporation, Kyoto, Japan). The physical properties of copper C1020 are summarized in Table 1 [6, 17, 18] . The experimental setup for the measurement of absorption rate is shown in Figure 2 . The copper specimen was mounted in an integrating sphere (F100A-IS, Ophir Japan Ltd, Saitama, Japan), which was filled with nitrogen gas to prevent oxidation of the workpiece. The absorption rate was evaluated by measurement of reflected energy inside the integrating sphere. The inner surface of the integrating sphere was coated with barium sulfate, which is a highly reflective material. The specimen was set at the center of the integrating sphere. The detector was located along the inner surface of the integrating sphere, and there were no time dependent variations during the measurement process. shape and surface roughness on absorption characteristics were experimentally investigated using 1064 nm Nd:YAG laser in order to improve the absorption rate for stable welding of copper.
Micro-welding of oxygen-free copper, C1020 was performed by using 1064 nm wavelength Nd:YAG laser (KLY-HP300α, Kataoka Corporation, Kyoto, Japan). The physical properties of copper C1020 are summarized in Table 1 [6, 17, 18] . The experimental setup for the measurement of absorption rate is shown in Figure 2 . The copper specimen was mounted in an integrating sphere (F100A-IS, Ophir Japan Ltd, Saitama, Japan), which was filled with nitrogen gas to prevent oxidation of the workpiece. The absorption rate was evaluated by measurement of reflected energy inside the integrating sphere. The inner surface of the integrating sphere was coated with barium sulfate, which is a highly reflective material. The specimen was set at the center of the integrating sphere. The detector was located along the inner surface of the integrating sphere, and there were no time dependent variations during the measurement process. To prevent scattering of spatter, the specimen was set in a quartz glass tube with inner diameter of 6.0 mm and outer diameter of 8.0 mm. The opening of the tube was sealed with a 0.3 mm thick cover made of borosilicate glass. The specimen size was 4.0 mm in length, 4.0 mm in width, and 1.0 mm in thickness. To prevent the cover glass from being damaged by plasma pressure or metal vapor generated during processing, a pressure releasing hole was provided in the jig used to fix the specimen. The reflection loss caused by the glass plates was considered when calculating the absorption rate, as shown in Figure 3 . To prevent scattering of spatter, the specimen was set in a quartz glass tube with inner diameter of 6.0 mm and outer diameter of 8.0 mm. The opening of the tube was sealed with a 0.3 mm thick cover made of borosilicate glass. The specimen size was 4.0 mm in length, 4.0 mm in width, and 1.0 mm in thickness. To prevent the cover glass from being damaged by plasma pressure or metal vapor generated during processing, a pressure releasing hole was provided in the jig used to fix the specimen. The reflection loss caused by the glass plates was considered when calculating the absorption rate, as shown in Figure 3 The initial energy from the irradiated laser beam is Ei, the energy measured by the sensor in the integrating sphere is Em, and the energy reflected by the specimen is Er. The reflectance of the copper specimen and the glass are Rw and Rg, respectively. In this case, the incidence angle was assumed to be at the lower level below 45 degrees, and the reflectivity from air to glass and vice versa was assumed to be of the same value. The incident laser beam is reflected twice by the cover glass before reaching the specimen surface. Thus, the relationship between the incident light energy Ei and the transmitted light energy Ei2 is given by Equation (1).
The incident energy Ei was measured by irradiating the laser beam inside the integrating sphere with no specimen in place. In addition, the value of transmittance for the cover glass used in this experiment was measured to be 91.8%. Using Equation (1), the reflectance of glass Rg was calculated to be approximately 4%. The energy reflected by the specimen inside the integrating sphere Er is as expressed by Equation (2).
Considering the reflection loss due to the glass plates, the total reflected energy was computed as shown by Equation (3), while the absorption rate was computed according to Equation (4) . Second reflection by the back side of the glass was ignored in the computation since its value was very small, hence negligible. This second reflection is shown by the dashed arrows in Figure 3 .
where α is the absorption rate (%) and Ea is the absorbed energy (J).
To study the effect of surface shape on absorption rate, concave holes were created on the workpiece surface using a compression testing machine (EZ-L, Shimadzu Corporation, Kyoto, Japan) with a cone tool made of polycrystalline diamond (PCD), in which the angle of tool tip was 45 degrees. Eight different depths were made by applying different loads as shown in Table 2 . The initial energy from the irradiated laser beam is E i , the energy measured by the sensor in the integrating sphere is E m , and the energy reflected by the specimen is E r. The reflectance of the copper specimen and the glass are R w and R g , respectively. In this case, the incidence angle was assumed to be at the lower level below 45 degrees, and the reflectivity from air to glass and vice versa was assumed to be of the same value. The incident laser beam is reflected twice by the cover glass before reaching the specimen surface. Thus, the relationship between the incident light energy E i and the transmitted light energy E i2 is given by Equation (1).
The incident energy E i was measured by irradiating the laser beam inside the integrating sphere with no specimen in place. In addition, the value of transmittance for the cover glass used in this experiment was measured to be 91.8%. Using Equation (1), the reflectance of glass R g was calculated to be approximately 4%. The energy reflected by the specimen inside the integrating sphere E r is as expressed by Equation (2) .
where α is the absorption rate (%) and E a is the absorbed energy (J).
To study the effect of surface shape on absorption rate, concave holes were created on the workpiece surface using a compression testing machine (EZ-L, Shimadzu Corporation, Kyoto, Japan) with a cone tool made of polycrystalline diamond (PCD), in which the angle of tool tip was 45 degrees. Eight different depths were made by applying different loads as shown in Table 2 . To investigate the effects of surface roughness, various roughened surfaces were obtained by using silicon carbide abrasive papers with different grain sizes. Surface roughness was measured using a stylus type roughness measurement machine (SURFCOM 1400D, Tokyo Seimitsu Co., Ltd, Tokyo, Japan) which had a stylus radius of 2 µm.
For the laser micro-welding experiment, the laser beam was focused onto the workpiece surface such that spot diameters of 30 µm, 40 µm, and 50 µm were obtained by using focusing lenses with focal lengths of 50 mm, 60 mm, and 80 mm, respectively. Then, input diameter into the focusing lens was appropriately controlled to obtain the required spot diameter. A single shot of laser pulse with a rectangular waveform and a pulse duration of 1.2 ms was used. The workpiece was inclined by approximately 10 degrees against the laser beam axis during the process. A CCD camera (Sony XC-75, Sony Corporation, Tokyo, Japan) was used to ensure that the laser was irradiated accurately inside the concave holes. Laser irradiation was done at the bottom center of the concaves as well as the inner walls of the concave holes. In order to suppress oxidation during the process, nitrogen gas was supplied to the irradiation area at a flow rate of 50 L/min, using a nozzle of 9.0 mm inner diameter. Besides evaluation of absorption rate, the molten volume was also calculated using measurements of the observed cross-section. The total molten part was divided into three different parts, namely; semi-ellipsoid, cylinder, and cylindrical segment. Using mathematical equations, the different volumes were computed. The volume of concave hole that was created using the PCD tool was subtracted from the total sum of the volumes to give the amount of molten volume. To evaluate the cross-section, the specimen was polished and then treated with nitric acid of 65.0% weight concentration. Additional treatment was done with a mixed solution of ammonia and hydrogen peroxide with 15.6% weight concentration. An optical microscope (VHX-2000, Keyence Corporation, Osaka, Japan) and a scanning electron microscope (SEM) (JSM-7001F, JEOL Ltd, Tokyo, Japan) were used to capture images of the cross-sections and irradiated surfaces, respectively.
Results and Discussion

Influence of Surface Shape on Absorption Rate
High power density is required for deep penetration. Under no-melting condition, the power density is not enough to cause melting of the material. In this study, this condition was experienced when the power density was below 1.0 × 10 8 W/cm 2 . Higher power density sufficient to melt the material but insufficient to cause boiling leads to heat conduction welding mode. Heat is transferred into the material by heat conduction. Convection phenomenon also plays a role once a weld pool is formed. This conduction mode welding does not penetrate into the material. The process takes place in both vertical and horizontal directions along the surface of the material, hence the semi-circular shape of the weld bead cross-section. This condition was achieved in the power density region between 1.0 × 10 8 W/cm 2 and 1.7 × 10 8 W/cm 2 . The heat conduction welding mode is stable since there is no vaporization, and there is no further absorption below the surface of the material. With considerably high power density, boiling of the material is achieved, hence the creation of a keyhole in the melt pool. This leads to keyhole welding mode. The keyhole is filled with plasma and can extend over the full thickness of the material. The plasma flows out of the keyhole and forms plasma plume above the material. To protect the weld from oxidation, a shielding gas is employed. In this study, nitrogen was used as the shielding gas. The keyhole can be unstable owing to its intermittent oscillations and closing. This instability causes porosity due to the gas being held within the keyhole, and this may lead to embrittlement of joint [19, 20] . Keyhole welding mode was achieved with power densities above 1.7 × 10 8 W/cm 2 .
In this study, transitional processing condition refers to the region between the two modes of heat conduction and keyhole welding. In this region, the processing consists of a mixture of the two modes. This transition region was in the power density range between 1.35 × 10 8 W/cm 2 and 1.85 × 10 8 W/cm 2 . Under this transitional processing condition, it is possible to stabilize the process, and thus generate large penetration depth with no porosity, and to achieve good surface quality. By using peak power around 1.13 kW, transitional processing condition between heat conduction and keyhole welding modes was achieved using a rectangular waveform with a pulse duration of 1.2 ms. Figure 4 shows photographs for the irradiated flat surface and cross-section under transitional processing condition. and thus generate large penetration depth with no porosity, and to achieve good surface quality. By using peak power around 1.13 kW, transitional processing condition between heat conduction and keyhole welding modes was achieved using a rectangular waveform with a pulse duration of 1.2 ms. Figure 4 shows photographs for the irradiated flat surface and cross-section under transitional processing condition. Nakashiba et al. have reported the possibility of obtaining good surface quality through process stabilization at the transition region between heat conduction and keyhole welding [21] . Auwal et al. have noted that low process stability has disadvantages of porosity and spatter generation [22] . Improvement of welding stability makes 1064 nm wavelength laser useful in copper welding. Therefore, in this study, a stable keyhole was generated under transitional processing condition by utilizing the effect of increasing light absorption rate with surface undulation. Figure 5 shows the light absorption rate of 1064 nm wavelength laser on a flat surface and under concave holes of different depths. Irradiation was done at the bottom center of the concave holes. Figure 6 shows processing results under same conditions as Figure 5 , but with irradiation on the walls of the concave holes. Nakashiba et al. have reported the possibility of obtaining good surface quality through process stabilization at the transition region between heat conduction and keyhole welding [21] . Auwal et al. have noted that low process stability has disadvantages of porosity and spatter generation [22] . Improvement of welding stability makes 1064 nm wavelength laser useful in copper welding. Therefore, in this study, a stable keyhole was generated under transitional processing condition by utilizing the effect of increasing light absorption rate with surface undulation. Figure 5 shows the light absorption rate of 1064 nm wavelength laser on a flat surface and under concave holes of different depths. Irradiation was done at the bottom center of the concave holes. Figure 6 shows processing results under same conditions as Figure 5 , but with irradiation on the walls of the concave holes.
Therefore, in this study, a stable keyhole was generated under transitional processing condition by utilizing the effect of increasing light absorption rate with surface undulation. Figure 5 shows the light absorption rate of 1064 nm wavelength laser on a flat surface and under concave holes of different depths. Irradiation was done at the bottom center of the concave holes. Figure 6 shows processing results under same conditions as Figure 5 , but with irradiation on the walls of the concave holes. In comparison to the flat surface, the light absorption rate under concave holes increases in all the welding modes for both irradiation positions. However, for irradiation on the concave walls under keyhole welding mode, the absorption rate was not affected by increased depth of concave and thus showed a constant value. Therefore, to clearly show the influence on surface shape, irradiation should be done at the bottom center of the concave holes. Figure 7 shows the observed surfaces and cross-sections under keyhole welding mode for flat surface and when various concave depths were prepared, with irradiation at the bottom center of the concave holes. Also shown are the appearances of the surfaces and cross-sections before laser irradiation. In comparison to the flat surface, the light absorption rate under concave holes increases in all the welding modes for both irradiation positions. However, for irradiation on the concave walls under keyhole welding mode, the absorption rate was not affected by increased depth of concave and thus showed a constant value. Therefore, to clearly show the influence on surface shape, irradiation should be done at the bottom center of the concave holes. Figure 7 shows the observed surfaces and cross-sections under keyhole welding mode for flat surface and when various concave depths were prepared, with irradiation at the bottom center of the concave holes. Also shown are the appearances of the surfaces and cross-sections before laser irradiation.
and thus showed a constant value. Therefore, to clearly show the influence on surface shape, irradiation should be done at the bottom center of the concave holes. Figure 7 shows the observed surfaces and cross-sections under keyhole welding mode for flat surface and when various concave depths were prepared, with irradiation at the bottom center of the concave holes. Also shown are the appearances of the surfaces and cross-sections before laser irradiation. Using high peak power of 1.67 kW, stable keyhole welding condition could be achieved irrespective of changes in light absorption rate under conditions of flat surface and different concave depths, but there was the disadvantage of porosity. Lowering the power to 1.13 kW led to a condition Using high peak power of 1.67 kW, stable keyhole welding condition could be achieved irrespective of changes in light absorption rate under conditions of flat surface and different concave depths, but there was the disadvantage of porosity. Lowering the power to 1.13 kW led to a condition of transitional processing between heat conduction and keyhole welding modes. As shown in Figure 4 , this transitional condition is unstable, but it was stabilized leading to deep penetration with no porosity generation. Figure 8 shows variations of light absorption and molten volume for different concave depth under transitional processing condition. The horizontal lines indicate changes in the absorption rate and molten volume for a flat surface. When irradiating the laser beam on a flat surface, heat conduction and keyhole welding modes are combined, and the standard deviations of light absorption rate and molten volume are large. For depths of concave at 10 µm and 20 µm, only heat conduction welding mode exists and the molten volume is small compared to that under flat surface. On the contrary, the light absorption increases in the concave depths between 30 µm to 50 µm, and its standard deviation becomes small. The molten volume also increases corresponding to the change of absorption rate, and stable keyhole welding mode can be obtained. Molten volume decreases in the concave shape condition with depth of more than 100 µm. This is because as the laser is focused on the specimen surface, the position of the convergence point is deviated by the depth of the concave hole, and the power density is lowered. Therefore, under transitional processing condition, concave holes of a certain appropriate depth help to stabilize the absorbed energy, hence stabilizing the process.
of absorption rate, and stable keyhole welding mode can be obtained. Molten volume decreases in the concave shape condition with depth of more than 100 μm. This is because as the laser is focused on the specimen surface, the position of the convergence point is deviated by the depth of the concave hole, and the power density is lowered. Therefore, under transitional processing condition, concave holes of a certain appropriate depth help to stabilize the absorbed energy, hence stabilizing the process. Figure 9 shows the variations of absorption rates and molten volumes with spot diameters of 30 μm, 40 μm, and 50 μm, under conditions of flat surface and with concave diameter of 40 μm. The power density was maintained at a constant by using different peak powers for each case. This part of the study aimed at showing how positional accuracy of the laser irradiation on the work-piece surface influences the absorption rate and molten volume. Under flat surface condition, the standard deviations were large and the process was unstable. On the other hand, with 40 μm concave diameter, the absorption rate was stabilized, leading to a stable molten volume. Thus, it is evident that, by maintaining the power density and providing a suitable concave hole, the micro-welding process can be stabilized. It was possible to obtain almost equivalent light absorption rate and molten volume regardless of the change in spot diameter, by maintaining the spot size at about ± 25% of the concave hole diameter. Therefore, when a concave hole is provided, there should be concern about the positional relationship between the laser beam and the concave hole, but a limited certain positional deviation can be tolerated. In addition, an appropriate diameter of the concave hole is required since it will determine the irradiation point of the laser beam. A smaller diameter means that the laser beam is not fully irradiated inside the concave. Moreover, the concave diameter determines the slope of the concave walls, which bears a great influence on the multi-reflections effect shown in Figure 1 . It is noted that increase in laser spot size under constant laser power leads to reduction in power density, hence reduction in effective laser energy on the micro-welding process. Thus, further investigation on the influence of spot size should be done. Figure 9 shows the variations of absorption rates and molten volumes with spot diameters of 30 µm, 40 µm, and 50 µm, under conditions of flat surface and with concave diameter of 40 µm. The power density was maintained at a constant by using different peak powers for each case. This part of the study aimed at showing how positional accuracy of the laser irradiation on the work-piece surface influences the absorption rate and molten volume. Under flat surface condition, the standard deviations were large and the process was unstable. On the other hand, with 40 µm concave diameter, the absorption rate was stabilized, leading to a stable molten volume. Thus, it is evident that, by maintaining the power density and providing a suitable concave hole, the micro-welding process can be stabilized. It was possible to obtain almost equivalent light absorption rate and molten volume regardless of the change in spot diameter, by maintaining the spot size at about ±25% of the concave hole diameter. Therefore, when a concave hole is provided, there should be concern about the positional relationship between the laser beam and the concave hole, but a limited certain positional deviation can be tolerated. In addition, an appropriate diameter of the concave hole is required since it will determine the irradiation point of the laser beam. A smaller diameter means that the laser beam is not fully irradiated inside the concave. Moreover, the concave diameter determines the slope of the concave walls, which bears a great influence on the multi-reflections effect shown in Figure 1 . It is noted that increase in laser spot size under constant laser power leads to reduction in power density, hence reduction in effective laser energy on the micro-welding process. Thus, further investigation on the influence of spot size should be done. 
Influence of Surface Roughness on Absorption Rate
High surface roughness means that reflection of light to the surrounding is reduced and keyhole multi-reflections effect is increased, as illustrated in Figure 1 . This results in an increase of the absorption rate. Consequently, high absorption rate results in higher molten volume, hence leading 
High surface roughness means that reflection of light to the surrounding is reduced and keyhole multi-reflections effect is increased, as illustrated in Figure 1 . This results in an increase of the absorption rate. Consequently, high absorption rate results in higher molten volume, hence leading to an effective welding process. Thus, proper control of surface roughness can contribute to improvement of 1064 nm laser absorption rate and its stability. Figure 10 shows typical appearances of copper surfaces and cross-sections for different roughness values, before and after laser irradiation. Figure 9 . Variations of absorption rate and molten volume with laser spot diameters.
High surface roughness means that reflection of light to the surrounding is reduced and keyhole multi-reflections effect is increased, as illustrated in Figure 1 . This results in an increase of the absorption rate. Consequently, high absorption rate results in higher molten volume, hence leading to an effective welding process. Thus, proper control of surface roughness can contribute to improvement of 1064 nm laser absorption rate and its stability. Figure 10 shows typical appearances of copper surfaces and cross-sections for different roughness values, before and after laser irradiation. Figure 11 shows the variations of absorption rate and molten volume with surface roughness R z under transitional processing condition between heat conduction and keyhole welding modes for 1064 nm wavelength Nd:YAG laser. When surface roughness R z is small, unstable welding prevails where heat conduction and keyhole welding modes are combined. The values of both light absorption rate and molten volume are small. However, as surface roughness R z increases, the occurrence rate of keyhole welding mode prevails against heat conduction welding mode, and light absorption rate and molten volume increase. When surface roughness R z is about 27 µm, the light absorption rate and molten volume are the largest, and stable welding can be obtained. Considerably higher values of surface roughness above 30 µm result in unstable keyhole welding phenomenon, with reduced molten volume. It is expected that with roughness R z above 30 µm, the depth of surface undulations is considerably increased and this might lead to deviation of laser convergence point, hence reduction in absorption rate leading to an inefficient process. Therefore, stable welding can be achieved when surface roughness R z is around 30 µm, a depth similar to concave, as indicated in Figure 8 .
higher values of surface roughness above 30 μm result in unstable keyhole welding phenomenon, with reduced molten volume. It is expected that with roughness Rz above 30 μm, the depth of surface undulations is considerably increased and this might lead to deviation of laser convergence point, hence reduction in absorption rate leading to an inefficient process. Therefore, stable welding can be achieved when surface roughness Rz is around 30 μm, a depth similar to concave, as indicated in Figure 8 . Figure 12 shows the observed surfaces and cross-sections, when different power densities were used, with specimen surfaces set to flat condition and roughness Rz of 27 μm. In deep penetration condition with power density up to 2.3 × 10 8 W/cm 2 , porosity and spattering occur, leading to a bad weld. On the contrary, transitional processing condition between heat conduction welding and keyhole welding modes, with power density of around 1.4 × 10 8 W/cm 2 , generates a stable keyhole and surface texture can be controlled. Under this condition, porosity and spattering are reduced compared to deep penetration condition. This is an ideal condition to obtain sufficient penetration and good surface quality. Therefore, with low power density, it is possible to reduce weld defects by controlling the surface topology, and thus obtain a stable welding process. Figure 12 shows the observed surfaces and cross-sections, when different power densities were used, with specimen surfaces set to flat condition and roughness Rz of 27 μm. In deep penetration condition with power density up to 2.3 × 10 8 W/cm 2 , porosity and spattering occur, leading to a bad weld. On the contrary, transitional processing condition between heat conduction welding and keyhole welding modes, with power density of around 1.4 × 10 8 W/cm 2 , generates a stable keyhole and surface texture can be controlled. Under this condition, porosity and spattering are reduced compared to deep penetration condition. This is an ideal condition to obtain sufficient penetration and good surface quality. Therefore, with low power density, it is possible to reduce weld defects by controlling the surface topology, and thus obtain a stable welding process. In deep penetration condition with power density up to 2.3 × 10 8 W/cm 2 , porosity and spattering occur, leading to a bad weld. On the contrary, transitional processing condition between heat conduction welding and keyhole welding modes, with power density of around 1.4 × 10 8 W/cm 2 , generates a stable keyhole and surface texture can be controlled. Under this condition, porosity and spattering are reduced compared to deep penetration condition. This is an ideal condition to obtain sufficient penetration and good surface quality. Therefore, with low power density, it is possible to reduce weld defects by controlling the surface topology, and thus obtain a stable welding process.
The tilt of the specimen surface and slope variations on the specimen surface affect the effective cone angle of light from a lens. This cone angle is directly related to the effective numerical aperture (N.A.), which determines the size of the focus spot [23] [24] [25] . The focus spot diameter is directly proportional to the wavelength of the laser and inversely proportional to the N.A. of the focusing lens [19, 20] . Consequently, the relationship between surface profile variations and N.A. is of great influence to the process. Thus, the relationship of surface roughness and N.A., and the resulting influence on laser absorption rate should be investigated.
It is considered that surface topology has a great influence on absorption rate for 1064 nm laser. The control of surface texture is effective to improve the stability of welding phenomena when using 1064 nm laser, and approximately 30 µm surface variation would be proper to achieve a large molten volume with a small deviation.
Conclusions
High efficiency and high quality laser welding of copper is expected by using an appropriate approach. Stable micro-welding with 1064 nm Nd:YAG laser can be enhanced by utilizing the effect of increasing light absorption rate with controlled variations of surface topology. The following are the main conclusions deduced:
1.
Absorption rate and molten volume under 1064 nm wavelength laser is increased by controlled surface undulations such as creating appropriate concave holes, and by controlled surface roughness variations. There is correlation between the surface roughness and concave holes. Concave depth of around 30 µm and a similar value of surface roughness R z leads to stabilization of the micro-welding process.
2.
For copper welding using 1064 nm laser, by optimizing the surface texture in transitional processing condition between heat conduction and keyhole welding, light absorption was improved and the process was stabilized leading to deep penetration and good surface quality. Funding: This research was funded by JSPS KAKEN Grant Number 15K05725.
